Abstract: There are many geometric and operational parameters that affect the performance of a cyclone separator, including the geometry and the length of the vortex within the cyclone. In this work, a Computational Fluid Dynamics calculation is presented to predict the cyclone performance and flow field of a new cyclone separator. The simulation was realized using Reynolds Stress Model (RSM) for the turbulent model and the Discrete Phase Model (DPM) for particle trajectories. The Rosin-Rammler method is used in numerical simulations to apply Particle Size Distribution (PSD 
PUBLIC INTEREST STATEMENT
The industrial use of separators has become widely used and is continuously being developed to meet the needs of more and more varied products. One commonly used separator is the cylone separator because of its reliability and lack of moving parts. A cyclone separator is a tool that uses vortex separation to remove particulates from air, gas, or liquid stream without using filters. A cyclone performance is a pressure drop and collection efficiency. There are many geometrical and operational parameters which influenced the cyclone performance. The present study was the analysis of the effect of vortex finder diameter and vortex limiter length on flow field and collecting efficiency in a new cyclone separator using CFD method. Numerical results show that the increase in vortex finder diameter and length of the vortex limiter can improve collection efficiency.
Introduction
A cyclone is one of the most widely used tools for particle separation because of its simple design and low construction and operation costs. The cyclone works by separating the solid particles and gases by utilizing both the centrifugal force and the gravitational force that causes the vortex flow to allow the particles and gases to separate; large particles will drop to the bottom and the air with small particles will rise to the top and exit the cyclone. The factors affecting the rate of entrainment of solids from a fluidized bed dryer named particle size distribution (PSD), terminal velocity, superficial gas velocity, particle density, gas properties, and gas flow regime. Therefore, it is necessary to understand the gasparticle flow and separation characteristics of the cyclone (Alavi, Lay, & Makhmali, 2018) .
There are many geometric and operational parameters that influence the separation and performance process of a cyclone, specifically the efficiency of increasing and decreasing the pressure, as well as particle diameter, particle density, cyclone separator dimensions, and the velocity at which particles enter. The cyclone has a flow that is complicated and dynamic. Because of this, an efficient mathematical model is required to provide accurate predictions for efficiency and pressure drop; both for the geometrical design of a cyclone and its operational requirements. Various researchers have developed cyclone models with improved performance by evaluating the effects of geometric and operational parameters by modifying the design of the inlets. Zhao, Su, and Zhang (2006) compared the performance of a conventional single inlet (SI) type cyclone with one having spiral double inlets (DI). Their numerical results show that adding spiral double inlets can improve the symmetry of the gas flow pattern and can increase the efficiency of particle separation. The effect of cone dimensions on cyclone performance is also studied in the literature (Elsayed & Lacor, 2011; Xiang & Lee, 2001; Zhao et al., 2006) . The researchers showed that if the cone dimensions were greater than the outlet dimensions, then reducing the cone size would result in higher particle collection efficiency without significantly increasing the pressure. Zhu, Kim, Lee, Park, and Kuhlman (2001) , Xiang and Lee (2001) , and Lim, Kim, and Lee (2004) found that the double cyclone had a lower decrease in pressure, but did not have higher collection efficiency than a conventional cyclone. The research of Karagoz, Avci, Surmen, and Sendogan (2013) presented a different cyclone design, a new cyclone separator, based on the idea of improving cyclone efficiency by increasing the length of the vortex. The difference lies in the separation chamber consisting of an outer cylinder and a vortex limiter. They conducted experimental tests setting different positions of the vortex limiter and how that relates to cyclone performance.
Numerical simulations of cyclones that were started by Griffith and Boysan (1996) were followed by an emergence of numerical studies using computational, fluid dynamic techniques related to cyclone performance. Cortes and Gil (2007) also conducted a study to model the flow of gases and particles by considering several approximate models for the cyclone separator.
As the numerical investigation has an important role for design optimization, this study is intended to obtain the effects of the geometrical parameter to the performance of the new cyclone separator presented by Karagoz et al. (2013) . In the present work, the main focus is to explain the effects of varying vortex finder diameter and vortex limiter length. As a noted this is different with the work of Safikhani and Mehrabian (2016) which focused on flow field in the new cyclone separator by varying the diameter of the vortex limiter, the position of the vortex limiter, and the length of the vortex finder using computational fluid dynamics. Tangential, axial, and radial velocity profiles and also velocity vector are investigated.
Methodology

General equations
For an incompressible fluid flow, the continuity and momentum equilibrium equations are given as follows (Song et al., 2016) :
where x i is in the position on the x-axis, x j is in the position on the y-axis, p is the pressure, ρ is the constant gas density, μ is the viscosity, À ρu 0 i u 0 j is the Reynolds stress tensor, u i is the average speed, and u 0 i is the x-axis velocity fluctuation component.
For RSM, the transport equation is written as follows:
where the two equations on the left are derivatives with respect to time of the convective transport voltages and related equations, whereas the four equations on the right are:
Turbulent diffusion equation:
Stress production equation:
Pressure strain equation:
Dissipation equation:
In this study, the discrete random walk (DRW) model was used based on the stochastic method to determine the velocity of the fluctuating gas. The values u 0 , v 0 , and w 0 apply during the lifetime of the turbulent eddy, while T e is a sample assumed to obey the Gaussian probability distribution using the following correlation (Safikhani & Mehrabian, 2016) .
where is the random number of normal distribution and the term ffiffiffiffiffiffiffiffi u 0 i u 0 i q represents the local RMS of the speed fluctuations. The characteristics of the lifetime of the eddy are defined as the following given constants (Safikhani & Mehrabian, 2016 )
where T l represents the eddy turnover time given as T e ¼ 0:3 K ε regarding the RSM. Another possible option for random variations of the lifetime of the eddy is as follows (Safikhani & Mehrabian, 2016) :
where r is a uniform random number between 0 and 1. Particles are assumed to interact with the fluid fluctuation plane that remains throughout the lifetime of the eddy. When the lifetime of the eddy is reached, a new value of instantaneous velocity is obtained by entering the new value in Equation (9).
This study used a two-phase flow settlement with the Eulerian-Lagrangian approach to predict particle tracks in the cyclone. The path of particles in a stream is calculated using a discrete phase model (DPM) to track individual particles.
The velocity of the fluid u * , the velocity of the particle u * p , x p is the position of the particle, g * x is the force of gravity, while ρ and ρ p represent the density of the fluid and the particles, respectively.
In Equation (13), the term F d ðu * À u * p Þ reflects the drag force per unit mass of the particle. F d given as:
where τ p represents the particle's relaxed time and is given as:
The drag coefficient (C d ) is the numerical function of the Reynolds particle Re p À Á . The number of Reynolds particles is defined as:
The drag coefficient for spherical particles was calculated using a correlation developed by Morsi and Alexander (1972) with values of a 1 , a 2 , and a 3 derived from the relative number of Reynolds particles (Re p ) defined as:
CFD model
This study uses the Karagoz design for the new cyclone separator (Karagoz et al., 2013) where the vortex limiter, inner cylinder, and outer cylinder substitute for the cone shape to form a vortex as can be seen in Figure 1 . The flow tangentially enters the cyclone and moves in a spiral to the lower part of the cylinder through the outer cylinder, almost without friction on the walls, and then the flow hits the vortex limiter, thereby causing the flow, including the small particles, to move back in opposite directions through the low-pressure, central portion towards the exit of the cyclone. Meanwhile, because of the centrifugal force, the larger particles will be thrown toward the wall and collect in the bottom of the cylinder outside the cyclone. The dimensions of the new cyclone separator dimension in this study are shown in Table 1 .
The equations shown in the turbulent models above are numerically resolved using ANSYS Fluid Flow (FLUENT) 16.0. The volume control method is used to discretize the incubative three-dimensional equations of Navier-Stokes. The SIMPLEC scheme is used for pressure-velocity coupling because it is easier to achieve convergence. The selection of the PRESTO scheme for pressure discretization has the advantage of precisely predicting the distribution of static pressure, velocity field, and pressure drop corresponding to the experimental results (Kaya & Karagoz, 2008) . On completion of momentum, the QUICK scheme is used (Ansys, 2009; Kaya & Karagoz, 2008) . The second-order upwind scheme is used to determine the discretization of kinetic energy and the dissipation rate equation (Shukla, Shukla, & Ghosh, 2011) . Discretization of the Reynolds voltage equation is determined using the first-order upwind scheme (Kaya & Karagoz, 2008; Shukla et al., 2011) .
To overcome the complexity and flow instability that occurs in a cyclone, a transient simulation with sufficient time step is required to model the flow field. The transient simulation is carried out until the static pressure drop stabilizes (Δp = constant) in the inlet and outlet areas beginning with several iterations of steady conditions (Shukla et al., 2011; Sun, Kim, Yang, Kim, & Yoon, 2017) . Each numerical simulation performed in this study starts with several steady-state iterations and follows a transient simulation with 2000 time steps. The choice of time step size is at least one order smaller than the smallest time constant modeled in order to model the transient phenomenon well (ANSY, 2009 ). The residual time of the fluid in the cyclone is calculated from the dimensions of the cyclone and its flow rate as t res ¼ Q in =V in which Q in is the flow rate at entry and V is the volume of the cyclone (Dirgo & Leith, 1985; Elsayed & Lacor, 2011) . The value t res obtained is 0.97-0.99 s so that the time step size used in this numerical model is 0.001s. The simulation runs until convergence at any time step with an accuracy of 10 −5 for all variables. Regarding DPM, the maximum number of steps specified is 10 6 and the particle tracking tolerance is limited to 1e-6 (Sun et al., 2017) . The combination of low order and high order schemes is used to complete the movement of particles.
Boundary conditions and operating conditions
The boundary conditions selected on the inlet portion are the inlet velocity and outflow for the outlet and escape conditions for each DPM setting. Conditions for the wall boundary are selected on the cyclone wall and lower wall for particle collection. DPM settings for each wall in a sequence are reflect and trap. Turbulent intensity I ¼ 0:16 Re Dh ð Þ À1=8 is determined on the inlet as well as the hydraulic diameter D h ¼ 4A=P, where A is the cross-sectional area and P is the surrounding wetness (Ansys, 2009). Particle collisions with walls are assumed to be perfectly elastic (e = 1). Table 2 shows the boundary conditions used in this study.
To obtain particle-gathering efficiency, the distribution of particles is injected in the inlet portion of the cyclone. The efficiency of particle collection is determined in Equation (18) as follows (Sun et al., 2017) :
where N trapped is a particle trapped under the cyclone and N total is the total number of incoming particles. Various methods are used to present particle size distributions. One is the RosinRammler distribution that is used for the Particle Size Distribution (PSD) method with the assumption of an exponential relationship between the particle diameter and the fraction of 
where d is the particle size (mm), d is the average diameter (mm), and n is the dispersion diameter that can be calculated as follows (Ansys, 2009):
The particle diameter values in this study ranged from 0.1 µm to 134 with d and n as great as 44.4 µm and 1.68 µm, respectively (Safikhani & Mehrabian, 2016) .
Grid generation
The size of the grid used affects the accuracy of a CFD analysis. A smaller grid size yields more accurate results, but it requires significant computing power and takes a longer time compared to larger sized grids. Additionally, to ensure that the results from the selected grid are correct and do not depend on the size and number of elements, simulations based on the number of elements are required. The number of simulated elements is shown in Table 3 along with the error percentage obtained. From Table 3 , it can be seen that 514,400 elements produce a lower error value in the experimental results and that increasing the number of elements does not cause a significant error (<5%); therefore, the grid with this number of elements is selected. During simulation, the transient approach regarding with the time simulation set up is used as shown in Table 4 . The grid used in this study is a hexahedral grid with 500,000-535,000 elements due to the simulated geometric variation. The result of grid generation is shown in Figure 2 .
Results and discussion
The three components of speed in the cyclone are tangential speed, axial speed, and radial velocity. Radial velocity, in this case, has little effect over the other velocity components so it can be ignored in the basic calculations (Peng et al., 2002) .
The discussion on the effects of the vortex finder diameter and length of vortex limiter on tangential velocity, axial velocity, and static pressure, as well as their effects on particle collection efficiency, will be explained in the next section.
Validation
The acquisition of numerical simulation results must be verified through validation with experimental data under the same conditions. The results of the simulation in this study were compared with the results of experimental studies conducted by Karagoz et al. (2013) . Validation is done by comparing the pressure drop. The pressure drop is obtained from the static pressure difference on the inlet and outlet portions (Δp ¼ p in À p out ). Figure 3 shows that the simulation results are in accordance with the experimental results. However, as the speed increases, the resulting error becomes greater. This is because high velocity causes the flow to become more complex (Safikhani & Mehrabian, 2016) . 
Effect of tangential speed variation
Tangential velocity is more important than both axial velocity and radial velocity due to the flow caused by high-spinning cyclones. This speed is responsible for much or little particle collection due to the centrifugal force generated. The higher the tangential velocity, the greater the resulting centrifugal force based on this formula F ¼ mv 2 θ =r. The magnitude of the centrifugal force causes the particles to be thrown to the wall and fall downward, thus increasing the collection of particles. As a result, the pressure drop also increases as there is a strong influence between speed and pressure in the cyclone and vice versa for small tangential velocities.
In both Figures 4 and 5 for each modeling of the new cyclone separator, there is a Rankine vortex as in other cyclones where the tangential velocity field is divided into two zones; i.e. inner zone, or quasi vortex flow, surrounded by an outer zone, or quasi-free vortex flow (Hoffman and Stein, 2008; Peng et al., 2002; Safikhani & Mehrabian, 2016) . In some simulated cyclones, the tangential velocity has a negative value. This is due to the phenomenon of precessing vortex cores (PVC) resulting in vortex core oscillations on the axis of rotation of cyclone geometry (Brar, Sharma, & Dwivedi, 2014; Cortes & Gil, 2007) . This is a common phenomenon found in a cyclone, swirl tube, hydrocyclone, etc. (Brar et al., 2014) .
The effects of the vortex finder diameter and length of vortex limiter on tangential velocity are shown in Figures 4 and 5 . The tangential velocity affects the velocity of the cyclone core vortex and achieves a maximum value at the boundary between the inner and outer zones of the vortex. It can be seen that by shrinking the vortex finder diameter, the tangential velocity increases. It decreases when the diameter is widened. Regarding the length of the vortex limiter, when the vortex limiter nears the vortex finder, the tangential velocity increases and as the length of the vortex limiter increases, the tangential velocity decreases. 
Effect of variation on axial speed
Axial velocity becomes another factor of particle collection because the flow moves both up and down. Figures 6 and 7 show the effect of vortex finder diameter and length of vortex limiter on axial velocity. On the outside of the vortex for each variation, it has a negative axial velocity value that signifies this downward flow so that it has a major influence on bringing the particles to be collected to the bottom of the cyclone (Hoffmann & Stein, 2008) . In contrast, a positive axial velocity is useful for bringing particles out through the vortex finder and as the speed decreases, both the diameter of the vortex finder and the length of the vortex limiter increase.
From Figures 6 and 7 we can see that there are two axial velocity profiles: an inverted W profile and a reversed V. This profile gradually changes from an upside-down W to an upside-down V as the vortex finder's diameter diminishes with an increase in the length of its vortex. Inverted W profiles make a maximum axial velocity on the radius of the vortex finder and decrease toward the cyclone core vortex while the inverted V profile creates the maximum axial velocity at the core vortex of the cyclone. This change occurs because the diminution of the vortex finder diameter and the decrease in vortex length causes the core vortex of the cyclone to increase (as indicated by the tangential velocity profile). As a result, the flow can overcome the adverse pressure gradient resulting from the friction forces that arise on the vortex finder walls that weaken the vortex into an inverted V profile (Cortes & Gil, 2007 , Elsayed, 2011 Hoekstra, Derksen, & Akker, 1999) .
Influence of variation on static pressure
Figures 8 and 9 show the distributions of static pressure plotted along the axial direction. As the gas enters the cyclone, the gas will follow the geometry of the cyclone's form so that the pressure gradient in the cyclone is dominant in the radial direction. The static pressure reaches the maximum value on the wall area and radially decreases towards the center. In the center of the cyclone, or in the part of vortex force, appears a static pressure area that has a negative value due to the significantly high rotational speed.
The lowest static pressure lies in the vortex finder with an 80 mm diameter and a 480 mm long vortex limiter. Figure 9 shows that increasing the diameter of the vortex finder causes the gradient pressure toward the wall to decrease and will also dilate the area of low static pressure. The pressure gradient on the wall area increases and there is a reduction of the area of low static pressure when the vortex finder diameter is decreased. The effect of the length of the vortex limiter, as shown in Figure 8 , makes the area of low static pressure increase in the axial direction if the vortex limiter is farther away from the vortex finder. This affects the pressure drop due to changes in the size of the diameter of the vortex finder and the length of the occurring vortex so that the pressure drop will decrease as the pressure distribution also decreases.
Particle collecting efficiency
One of the influences of particle separation is the size of the particle. The particles in the cyclone will split and either exit through the vortex finder or move to the wall area and fall to the bottom of the cyclone. In this study, the effects on particle separation through varying both the vortex finder diameter and the length of the vortex limiter is discussed in the form of particle-gathering efficiency. From Figure 10 it can be seen that the reduced diameter size of the vortex finder gives rise to a high-efficiency collection. Smaller diameters of the vortex finder cause the vortex flow area to forcibly shrink so that the particles exiting the vortex finder will be smaller. In changing the length of the vortex limiter, the efficiency of the collection will increase if the vortex limiter is further away from the vortex finder. Increasing the length of the vortex causes more particles to travel down the cyclone so that more particles accumulate.
Conclusion
The numerical simulation in this study used RSM to describe the flow that occurred in the Karagoz new cyclone separator based on variations in the diameter of the vortex finder and the length of vortex limiter. Multilevel modeling uses the Eulerian-Lagrangian approach to track particle movements. The tangential velocity, axial velocity, and static pressure obtained from this simulation are analyzed to determine the effect of variations made on the flow field and the efficiency of particle Figure 10 . Graphic of collection efficiency.
collection in the new cyclone separator. Based on the simulation results, some conclusions can be drawn as follows:
(1) A decrease in pressure with an increase in both the diameter of the vortex finder and the length of the vortex limiter will decrease as a decreased-value pressure distribution.
(2) Reducing the diameter of the vortex finder boosts collection efficiency by causing an increase in the tangential velocity that generates greater centrifugal force so that the particles are thrown towards the wall and fall down the cyclone.
(3) An increase in the length of the vortex limiter decreases the tangential velocity but increases the collection efficiency because there are fewer separated particles exiting the vortex finder.
